A highly efficient in vitro system was established for measuring by high performance liquid chromatography the formation of holocytochrome c by yeast mitochondria. Holocytochrome c formation required reducing agents, of which dithiothreitol was the most effective. With biosynthetically made, pure Drosophila melanogaster apocytochrome c and Saccharomyces cerevisiae mitochondria, the activity of cytochrome c heme lyase amounted to about 800 fmol min ؊1 mg ؊1 mitochondrial protein. The kinetics were typical Michaelis-Menten (K m ϳ1 nM), as were those of mitoplasts with broken outer membranes (K m ϳ3 nM). As tested with mitoplasts, holocytochromes c from a range of species were found to be competitive inhibitors of heme lyase at physiological concentrations, providing a mechanism for controlling this concentration in vivo. Apocytochrome c associated with yeast mitochondria in two phases of K d ϳ2 ؋ 10 ؊10 and 10 ؊8 M, respectively, whereas mitoplasts had lost the high affinity binding. A site-directed mutant of apocytochrome c (lysines 5, 7, and 8 replaced by glutamine, glutamic acid, and asparagine) was found to be converted to holocytochrome c (K m ϳ3.3 nM; maximal activity unchanged), even though the mutations completely eliminated the high affinity binding. Thus, the high affinity binding of apocytochrome c to mitochondria is not directly related to holocytochrome c formation.
Cytochrome c is among the first few proteins that were used to study the mechanism of protein import into mitochondria (1) (2) (3) (4) (5) (6) . It is a small heme protein of the mitochondrial respiratory chain (7) (8) (9) . Its heme-free precursor, apocytochrome c, is synthesized in the cytosol and post-translationally imported into mitochondria (1, 2) . The apoprotein contains no cleavable presequence, and its import requires neither ATP nor energization of the mitochondria and no assistance of the import system for most mitochondrial proteins. Apocytochrome c is considered to freely and reversibly translocate across the outer membrane (10 -12) and then be trapped in the intermembrane space by binding to cytochrome c heme-lyase (EC 4.4.4.17), located on the outer surface of the inner membrane. This is the enzyme that catalyzes the covalent addition of heme to the apoprotein via two thioether bonds between the heme vinyl groups and cysteines 14 and 17, to yield holocytochrome c following folding of the polypeptide around the heme. In contrast to apocytochrome c, holocytochrome c is confined to the intermembrane space and cannot leave the organelle without breakage of the outer membrane. See Ref. 13 for a complete review.
By using biosynthetically made, pure apocytochrome c and mouse liver mitochondria, we have found that the fully reduced, monomeric apoprotein, with both sulfhydryl groups free, associates reversibly with mitochondria in two distinct phases, a high affinity phase with an apparent K d of about 10 Ϫ10 M and a low affinity phase at a K d of about 10 Ϫ8 M (10, 14, 15) . Electron microscopic autoradiography and immunogold staining showed that apocytochrome c taken up by mouse liver mitochondria was localized to the matrix (16, 17) . Since these studies were carried out in the absence of heme, no holocytochrome c could be synthesized. In fact, mouse liver mitochondria exhibited little heme lyase activity. 1 So the relationship between such high affinity binding and the formation of holoprotein has not been defined.
Although the genes for cytochrome c heme lyase of Saccharomyces cerevisiae (18) and Neurospora crassa (19) have been cloned and the role of the enzyme in the import of apocytochrome c has been described, as given above (11, 20 -24) , the two systems in use for the in vitro assay of heme lyase activity are both complicated and inconvenient and either of low efficiency (20, 22) or require a large amount of mitochondria and apoprotein (18, 24, (25) (26) (27) (28) . To study heme lyase and its relation to the high affinity binding of the apoprotein to mitochondria, a simple and efficient HPLC 2 method was developed to assay the activity of the enzyme, using biosynthetically made, pure apocytochrome c and yeast mitochondria. The reaction was shown to follow Michaelis-Menten kinetics, and holocytochrome c was found to be a competitive inhibitor, so that the normal high concentration of cytochrome c in the mitochondrial intermembrane space (ϳ500 M) could serve to control the level of the holoprotein. It was also shown that the high affinity binding of the apoprotein to yeast mitochondria (K d ϳ2 ϫ 10 Ϫ10 M) was not directly related to the formation of the holoprotein.
EXPERIMENTAL PROCEDURES
Materials-Restriction enzymes used were from Life Technologies, Inc., or Promega. Wheat germ extract, SP6 RNA polymerase, RNasin ribonuclease inhibitor, and RQ1 RNase-free DNase were from Promega. [ 35 S]Methionine (Ն37 TBq/mmol, 1000 Ci/mmol) and [␣- 32 P]UTP (30 TBq/mmol, 800 Ci/mmol) were obtained from Amersham Pharmacia Biotech. Sorbitol was from J. T. Baker Inc. Yeast lytic enzyme from Arthrobacter sp. (78,300 units/g) was obtained from ICN Biochemicals. MES, Nycodenz, leupeptin, PMSF, NADH, and hemin were from Sigma. Aprotinin was from Boehringer Mannheim. HEPES, dithiothreitol, and 2-mercaptoethanol were from Fisher. Guanidine thiocyanate was from Fluka. Ultima Flo M mixture from Packard was used for the radioactive flow detector. Scintisafe 30% from Fisher was used for liquid scintillation counting. Horse heart cytochrome c from Sigma, yeast iso-1 and iso-2 cytochromes c prepared from bakers' yeast, Manduca sexta cytochrome c prepared from the moths, recombinant Drosophila melanogaster, and recombinant rat cytochrome c were purified by HPLC as described by Koshy et al. (29) with modifications of the chromatographic gradient appropriate to each protein. The concentration of cytochrome c was determined by its absorption at 550 nm after reduction with sodium dithionite, using an extinction coefficient of 27.6 mM Ϫ1 cm Ϫ1 (30) . Isogenic Yeast Strains-Yeast strains B-7553 (MATa CYC1 ϩ cyc7-⌬::cyh2 ura3-52 his3-⌬1 leu2-3, 112 trp1-289 cyh2) (31), B-8025, which is the same as B-7553 with CYC3 deleted, B-8132, which is the same as B-7553 with CYC2 deleted (31) , and A42B, which is B-7553 that has been transformed with plasmid pAA268 containing CYC3 under control of the actin promoter on a multicopy plasmid with URA3 as a marker (11, 18) , were all kindly provided by Dr. Mark E. Dumont. CYC1 and CYC7 are the structural genes for yeast iso-1 and iso-2 cytochrome c, respectively, so the strain B-7553 is with normal iso-1 cytochrome c but without iso-2 cytochrome c. CYC3 encodes the yeast cytochrome c heme-lyase (18) , so the strain A42B is with overexpressed heme lyase, whereas B-8025 is without heme lyase. CYC2 encodes a factor that increases the efficiency of cytochrome c import in vivo (31) .
In Vitro Transcription/Translation and Purification of Apocytochrome c-HindIII linearized plasmids containing the D. melanogaster cytochrome c gene (pDMC1.2) (10, 32) or its mutated versions (14) , including DMcC14S, DMcC17S, DMcC14S/C17S, in which either one or both cysteines 14 and 17 were replaced by serine, and DMcK5,7,8QEN, in which the lysines at positions 5, 7, and 8 were replaced by glutamine, glutamic acid, and asparagine, respectively, were transcribed by SP6 RNA polymerase in the presence of [␣-
32 P]UTP. Labeled mRNA was purified and translated in wheat germ extract in the presence of [ 35 S]methionine. The apoprotein radiolabeled at its single methionine 80 was routinely purified to the monomeric, fully reduced state by reverse-phase HPLC on a Waters C 18 Bondapak column (3.9 ϫ 300 mm) according to Hakvoort et al. (10) , with a slower gradient (1%/min) than originally employed. The concentration of apocytochrome c was determined by liquid scintillation counting and from the specific radioactivity of the [
35 S]methionine. Aliquots were stored at Ϫ80°C. Isolation of Yeast Mitochondria and Subfractionation-Yeast, except the B-8025 strain, was grown at 30°C in the semi-synthetic lactate (2.2% v/v) medium described by Daum et al. (33) , with vigorous aeration to mid-log phase. Mitochondria were prepared according to Glick and Pon (34) and were purified by centrifugation in Nycodenz gradients (34) . Strain B-8025 cannot grow in a non-fermentable medium, so the lactate was replaced by 2% glucose. Yeast lytic enzyme (about 250 units/g of packed yeast cells) was used to prepare spheroplasts by an incubation of 40 min in a 30°C water bath, with gentle shaking. Purified mitochondria were resuspended in 0.6 M sorbitol, 20 mM K ϩ HEPES, pH 7.4, at protein concentrations of more than 10 mg/ml, aliquoted, and stored in liquid nitrogen. The aliquots were thawed immediately before use and never frozen or used again. Mitoplasts were prepared by osmotic disruption of the outer mitochondrial membrane according to Glick (35) . Protein concentration was determined by using the Bio-Rad Protein Assay Kit with bovine plasma albumin as standard. The intactness of the outer membrane was assayed by measuring cytochrome c oxidase activity spectrophotometrically, in the presence of 40 M added reduced horse heart cytochrome c, with and without 0.02% Triton X-100. The intactness of the outer membrane of fresh and thawed mitochondria was almost the same, at least 92%, and the mitoplasts had more than 75% of the outer membranes broken.
Fumarase activity was used to demonstrate that mitochondrial preparations obtained from yeast strain B-8025, which lacked cytochrome c heme lyase, and therefore contained no cytochrome c, consisted of the expected organelles. It was assayed spectrophotometrically, essentially according to Racker (36) , by measuring the conversion of malate to fumarate at 240 nm in a buffer consisting of 0.1 M potassium phosphate, pH 7.4, 0.22 M mannitol, 50 mM malate, and 0.02% Triton X-100, using an extinction coefficient of 2.1 mM Ϫ1 cm Ϫ1 (36) . Mitochondria from strain B-8025 contained about 10% the fumarase activity of mitochondria from the normal strain B-7553.
Holocytochrome c Formation-Unless otherwise indicated, the reaction was carried out in 100 l of 0.6 M sorbitol, 20 mM K ϩ HEPES, pH 7.4, 5 mM MgCl 2 , 1 mM EDTA, containing 0.2 mg/ml mitochondrial protein, in the presence of 0.1 mM leupeptin, 10 g/ml aprotinin, 1 mM PMSF, 3 M hemin, 5 mM DTT, and 1 mM NADH. The reaction was initiated by the addition of apocytochrome c and the mixture incubated at 30°C. It was stopped by putting the tubes directly into liquid nitrogen. The samples were stored at Ϫ80°C for later analysis. Hemin was initially dissolved in 0.1 N NaOH at a concentration of 1 mM. Its concentration was determined spectrophotometrically after dilution in 0.1 N NaOH, using an extinction coefficient of 5.84 ϫ 10 4 cm Ϫ1 M Ϫ1 at 385 nm (37) .
After incubation with mitochondria, apocytochrome c and the holocytochrome c formed were extracted with guanidine thiocyanate. To each frozen sample were added solid guanidine thiocyanate to a final concentration of 6 M, 2-mercaptoethanol to 5%, and about 200 g of horse heart cytochrome c. The mixture was incubated at 37°C for 5 min, and then trifluoroacetic acid was added to 1%. The sample was diluted 4-fold with HPLC solution A (0.1% trifluoroacetic acid, 5% ethylene glycol) and centrifuged at 12,000 ϫ g for 5 min. The supernatant was loaded on a Shodex RSpak D18 HPLC column (6 ϫ 150 mm) and developed at a flow rate of 1 ml/min. Solution B was 50% acetonitrile, 0.1% trifluoroacetic acid, 5% ethylene glycol. The outflow was monitored with a radioactive flow detector (Flo-one, Radiometric Instruments), and the data were collected by computer and the areas under the peaks integrated. After correction for the decay of radioactivity, the amount of newly formed holocytochrome c and the remaining apocytochrome c could be calculated from a standard curve obtained under the same conditions of chromatography which showed a linear relationship between the peak area and the amount of protein.
Binding of Apocytochrome c to Mitochondria-Binding experiments were carried out in the same buffer as for holocytochrome c formation, except without hemin or DTT/NADH, and at a concentration of mitochondria or mitoplasts of 0.5 mg of protein/ml. After incubation at room temperature for 20 min, the organelles in each sample were pelleted by centrifugation, and 10-l aliquots of the initial mixture and of the supernatant were taken for the measurement of radioactivity by liquid scintillation counting. The results are presented as Scatchard graphs (10) .
Western Blots-Rabbit antibody against the carboxyl-terminal segment of yeast cytochrome c heme lyase (11) was kindly provided by Dr. Mark E. Dumont. SDS-polyacrylamide gel electrophoresis was run on the Pharmacia PhastSystem. The PhastGel Gradient 10-15 was used, and the protein bands were electrophoretically blotted onto polyvinylidene fluoride membrane (Immobilon-P, Millipore Co.) by using the PhastTransfer apparatus. Immunoblots were performed with the Pierce SuperSignal Substrate Western blotting Kit (Pierce). Primary antibodies were diluted 1:2000. Horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (Pierce) were diluted 1:30,000.
RESULTS

Measurement of Holocytochrome c Formation-
A simple and reliable HPLC method was developed to separate and simultaneously quantitate both the radiolabeled precursor, D. melanogaster apocytochrome c, and the holocytochrome c newly formed from it by yeast mitochondria. The proteins could be completely extracted with 6 M guanidine thiocyanate (see "Experimental Procedures"), which dissolved the mitochondria immediately and completely and did not interfere with the subsequent reverse phase chromatography. A negligible amount of radioactivity was present in the pellet after dilution with HPLC solution A and centrifugation. 2-Mercaptoethanol was added to keep the sulfhydryl groups in apocytochrome c completely reduced. For HPLC, a polymer-based reverse phase column was used instead of the regular silica-based column used for purifying apocytochrome c, because the former was found to separate apo-and holocytochrome c better. Moreover, it could be washed in 0.1 N NaOH, whereas the silica column could not. This was necessary because the samples for HPLC contained materials that would otherwise decrease the efficiency of the column. Five percent ethylene glycol was also included in the mobile phase to help the separation. Nevertheless, even under these modified conditions, apo-and holocytochrome c could not be separated well enough for routine analysis (Fig. 1A , Ϫcytochrome c). However, it was found that in the presence of an excess of unlabeled holocytochrome c (Fig. 1A , ϩcytochrome c), the peak of labeled apocytochrome c ( Fig. 1 , peak I) was separated well from that of the labeled, newly formed holocytochrome c ( Fig. 1 , peak II), making accurate quantitation straightforward.
Demonstration of Holocytochrome c Formation-To confirm that the new peak ( Fig. 1, peak II) , which appeared after the peak for apocytochrome c ( Fig. 1 , peak I) following incubation with mitochondria, was truly the newly formed holocytochrome c and not some proteolyzed fragment, the following experiments were performed. First, purified D. melanogaster cytochrome c (29) was chromatographed under the same conditions and was found to emerge at precisely the position of peak II (Fig. 1C, cytochrome c) . Second, under conditions that allowed no holocytochrome c formation, such as without the addition of hemin and reducing agents, peak II almost completely disappeared (Fig. 1B , Ϫhemin versus ϩhemin and control apocytochrome c). The remaining small peak II was presumably due to the presence of endogenous heme in the mitochondrial preparation. This was confirmed by the observation that, when reducing agents (DTT/NADH) were present without hemin being added, a significant amount of holocytochrome c was formed (see Fig. 2 , column 2), apparently since the concentration of endogenous heme, estimated by Dumont et al. (24) , could amount to 0.1 M at the concentration of mitochondria employed (0.2 mg/ml). The optimal concentration of added hemin was 2-3 M, corresponding to that reported by Nicholson et al. (20) . A further increase to 10 M hemin did not produce much change (data not shown). Third, with mitochondria from a yeast strain without cytochrome c heme lyase, peak II completely disappeared (Fig. 1C , B-8025 versus B-7553), whereas with mitochondria overexpressing heme lyase (A42B), holocytochrome c formation was greatly increased as described below. Finally, mutants of apocytochrome c having either or both of the two cysteines to which the heme is attached in the holoprotein changed to serine (10) were tested. As shown in Fig. 1D , when both cysteines were replaced (Fig. 1D , DMcC14S/C17S), there was no peak II whatsoever, whereas for DMcC14S, there was a significant amount of holocytochrome c formed (Fig. 1D,  DMcC14S) , and for DMcC17S, only a trace was detected (Fig.  1D, DMcC17S) . These results were consistent with the report of Tanaka et al. (38, 39) on human cytochrome c, which showed that the C14A mutant could support yeast growth on lactate medium, whereas the C17A and C14A/C17A mutants could not. Of course, the conversion of the mutant apoprotein DMcC14S to the holoprotein was much less effective than that of the wild type apoprotein. Mitochondria from the strain overexpressing heme lyase were used for these experiments with the mutant apoproteins. The concentration of mitochondria used was also much higher and the incubation time was longer than in the standard procedure (see legend of Fig. 1 ). In summary, a simple and convenient system was established for the determination of holocytochrome c synthesis by yeast mitochondria in vitro. It should be emphasized that the protease inhibitors, leupeptin, aprotinin, and PMSF, were essential to prevent apocytochrome c from degradation. Under the conditions employed, no detectable proteolysis occurred as judged by SDS-polyacrylamide gel electrophoresis and autoradiography (data not shown).
The Requirement for Reducing Agents-With our well de- In all the experiments, apocytochrome c was added last to initiate the reaction, except for column 10, for which the apoprotein was added first. It was allowed to bind to mitochondria for 10 min, then hemin and DTT/NADH were added, and incubation was continued for another 10 min. The concentrations used were 3 M hemin, 5 mM DTT, 1 mM NADH, 0.5% 2-mercaptoethanol, and 1 mg/ml sodium dithionite.
fined system of purified apocytochrome c and purified mitochondria, the requirements for holocytochrome c formation can be identified relatively easily. As shown in Fig. 2 , in the absence of any added reducing agents, regardless of the addition of hemin, holocytochrome c was formed but only with very low efficiency (columns 1 and 3) . This is presumably due to the small amount of reducing power in the mitochondrial preparation. However, in the presence of reducing agents, holocytochrome c formation was stimulated, even without the addition of extra hemin (column 2). Several reducing agents were tested, including sodium dithionite, NADH, 2-mercaptoethanol, and DTT (columns 4 -6 and 8). Sodium dithionite or NADH alone could not stimulate holocytochrome c formation to any great extent, whereas DTT by itself could (columns 4 and 5 versus 8). It appeared that the influence of NADH was by a different mechanism than that of the sulfhydryl reagents. Indeed, the effects of NADH and 2-mercaptoethanol were close to additive (columns 5 and 6 versus 7), whereas the combination of DTT and NADH gave the highest holocytochrome c production (column 9), even though it was somewhat less than additive (column 9 versus 5 and 8). In all these cases, the concentrations of reducing agents used were saturating. Further increases in concentration did not increase the production of holocytochrome c (data not shown). DTT/NADH had to be added before the addition of the apoprotein. If apocytochrome c was added first and allowed to bind to mitochondria in the absence of DTT/NADH, a much smaller fraction converted to the holoprotein following the addition of DTT and NADH than if the reducing agents had been added first (column 10 versus 9). So all the following experiments were carried out with 5 mM DTT and 1 mM NADH added first and apocytochrome c added last to initiate the reaction. Consistent with the reports by Neupert and colleagues (see Ref. 40 for a review), no ATP or membrane potential was required in our system.
Cytochrome c Heme Lyase Activity-The formation of holocytochrome c in vitro, catalyzed by yeast mitochondrial cytochrome c heme lyase was fast, following the initiation of the reaction by the addition of apocytochrome c. The time course of such reactions was studied with mitochondria from strain B-7553 expressing heme lyase at a normal level. At a concentration of added apocytochrome c of 1 nM, holocytochrome c formation was linear for the first 5 min, with a rate of about 400 fmol min Ϫ1 mg Ϫ1 mitochondrial protein, and continued for about 10 min. These values increased as the initial concentration of substrate was increased.
However, if apocytochrome c was first allowed to bind to mitochondria in the presence of DTT/NADH, and the time course of holocytochrome c formation followed after the addition of hemin, the initial rate of the reaction was the same as when the apocytochrome c was added after hemin, except that, because of the presence of endogenous heme described above under "Demonstration of Holocytochrome c Formation," some holoprotein had been synthesized even before hemin was added. At a concentration of added apocytochrome c of 1 nM, at which over 90% was bound to the organelles within 1 min, about 25% of the apoprotein was converted to the holoprotein during the 10 min preincubation before the addition of hemin. After the addition of hemin, holocytochrome c formation was stimulated and progressed linearly for 5 min before slowing down. Because of this effect of endogenous heme, in all the following kinetic experiments, apocytochrome c was added last.
Under proper conditions, the kinetics of heme lyase activity can be determined. The amount of mitochondria used was kept as small as could be handled by the assay system, since the apocytochrome c preparations had limited concentrations up to about 100 nM, whereas analysis of the kinetics requires that the amount of substrate used be far more than that of the enzyme. Although we do not know how much heme lyase there was in the mitochondrial preparations, the production of holocytochrome c was proportional to the amount of mitochondria used, up to 0.5 mg of mitochondrial protein per ml, and was linear in the initial segment of the reaction. So we used a concentration of mitochondria of 0.2 mg/ml. The time of incubation was 5 min for mitochondria with normal amounts of heme lyase (strain B-7553) and 3 min for mitochondria with the enzyme overexpressed (strain A42B). Fig. 3 , inset, presents the plot of the reaction rate versus the substrate concentration, yielding typical Michaelis-Menten kinetics.
Because the conversion of apocytochrome c to the holoprotein ranged from 40 to 10%, to give enough holocytochrome c for accurate measurement, the substrate concentration could not be taken as constant. So, instead of the initial substrate concentration [S] 0 , the arithmetic mean substrate concentration,
was the substrate concentration at the end of the reaction, was used for the double-reciprocal plot (Fig. 3) , which, with these approximations, can give excellent estimates of K m and V max (41) . Table I gives the results calculated by least squares linear regression. It is clear that, as expected, the K m for mitochondria from both yeast strains was the same, whereas the V max for mitochondria from A42B was about four times that for mitochondria from B-7553 (Table I, A42B versus B-7553) . This was consistent with the results of immunoblots, using an antibody against yeast cytochrome c heme lyase, showing that the A42B mitochondria contained approximately 4-fold higher amounts of the enzyme than the B-7553 organelles (data not shown).
We also measured the kinetics of the heme lyase of mitochondria from a strain with the CYC2 gene deleted (B-8132), which had been shown to have a much decreased cytochrome c content (31) . However, with the isolated mitochondria, the kinetics of holocytochrome c formation were almost indistinguishable from those of the normal mitochondria (Table I, with the mitochondrial outer membrane broken were used, since holocytochrome c added externally to intact mitochondria does not get access to the heme lyase, located in the intermembrane space. As it was found that mitoplasts had lower heme lyase activity than mitochondria, the concentration of mitoplasts used for the assay was increased from 0.2 to 0.4 mg of protein/ml, and the time of incubation was increased from 5 to 10 min. The results (Fig. 4, mitoplast) showed kinetics similar to those of intact mitochondria, with the V max about half that of mitochondria and a K m of about 3.0 nM as compared with 1.0 nM for the whole organelle (Table I ). This decrease in activity was not due to the loss of the enzyme during the hypotonic treatment of the preparation of mitoplasts, because immunoblots showed that the mitoplasts contained almost the same amount of heme lyase as intact mitochondria (data not shown).
When the same experiments were performed in the presence of different concentrations of added holocytochrome c, the heme lyase activity of mitoplasts was found to be inhibited at the higher concentrations. The inhibition kinetics of yeast iso-1 cytochrome c were carefully studied. Fig. 4 shows the doublereciprocal plots at 0, 0.1, and 0.2 mM iso-1 cytochrome c. It is clear that the inhibition of the heme lyase activity by holocytochrome c was typical competitive product inhibition. The apparent affinity of apocytochrome c to the enzyme was decreased, as evidenced by the increase of K m , whereas the V max was not altered (see Table I 
where K m Ј is the apparent K m in the presence of certain concentrations of the inhibitor ([I]), gave the dissociation constant (K i ) for the binding of yeast iso-1 cytochrome c to heme lyase (Table I) . As compared with apocytochrome c, the yeast iso-1 holocytochrome c has a much lower affinity to heme lyase, with K i nearly 5 orders of magnitude higher than the K m for apocytochrome c. We also determined the effect of several other holocytochromes c, all of which exhibited the inhibitory effect, with relatively small differences in magnitude. At 600 M added cytochrome c, the inhibition of the formation of holocytochrome c was 95% for the yeast iso-1 and iso-2, 85% for the rat, 80% for the horse, and 80% for M. sexta cytochrome c. At the lower concentrations tested, from 20 to 400 M, the yeast iso-2 holoprotein was throughout the most effective inhibitor.
The inhibition experiments could only be carried out with ferrous cytochrome c, because of the presence of the large excess of reducing agents required for the formation of holocytochrome c, as described above.
High Affinity Binding of Apocytochrome c to Mitochondria Is Not Directly Related to Holocytochrome c Formation-
We have previously shown that apocytochrome c binds to mouse liver mitochondria in two distinct phases, a high affinity phase with an apparent K d of about 10 Ϫ10 M and a low affinity phase at a K d of about 10 Ϫ8 M (10). With yeast mitochondria, it appeared that the number of binding sites was much larger than that for the mouse organelles, with the bound to free ratio in the high affinity phase (in ml/mg) nearly 10-fold higher (Fig. 5 ) than the range of 2.5 to 0.7 for mouse mitochondria (10) . When plotted as a Scatchard graph, the binding curve for yeast mitochondria also showed two distinct phases (Fig. 5, B-7553) . The high affinity sites had an apparent K d of about 2 ϫ 10 Ϫ10 M and saturated at about 5 pmol/mg mitochondrial protein, corresponding to a concentration of about 2.5 nM with the mitochondria at 0.5 mg of protein/ml. The binding to the low affinity sites, with K d at approximately 10 Ϫ8 M, could not be measured accurately. When using the mitochondria with overexpressed heme lyase, both phases showed a higher level of binding with the affinities unchanged (Fig. 5, A42B versus B-7553) . The high affinity sites were now saturated at about 7 pmol/mg mitochondrial protein, namely a concentration of about 3.5 nM with the mitochondria at 0.5 mg of protein/ml. So the difference in the amounts of high affinity binding sites between heme lyase normal and heme lyase overexpressed mitochondria is less than 2-fold, which did not correspond to the difference in the amounts of heme lyase, about 4-fold as shown by immunoblots (see above). The binding curve for mitochondria from the yeast strain with the CYC2 gene deleted (B-8132) was essentially the same as that for mitochondria from the normal strain B-7553 (data not shown). The binding of apocytochrome c to mitochondria from a strain without heme lyase (Fig. 5, B-8025 ) was also measured. As expected, the binding was very low and showed no high affinity phase.
The association of apocytochrome c with yeast mitochondria was very fast, with more than 90% binding completed within 1 min (data not shown). Unlike the formation of holocytochrome c, this binding was independent of DTT or NADH. If DTT was included in the binding assay, the binding curve was essentially the same as described above, even though some holocytochrome c was formed due to the presence of endogenous heme (data not shown). Regardless of the presence of DTT/NADH, there was barely detectable disulfide cross-linking or aggregation of apocytochrome c following the incubation with mitochondria as judged by HPLC. In addition, the mutants of apocytochrome c having either one or both of the two cysteines replaced by serine or alanine showed normal two-phase binding. In fact, the binding of these mutant apoproteins was even somewhat higher than for the wild type, with a higher bound to free ratio in the high affinity phase (range of 50 to 10 ml/mg as compared with 20 to 7 ml/mg), and at a K d 1-2-fold lower, ranging from 10 Ϫ10 to 1.6 ϫ 10 Ϫ10 M. Nevertheless, mitoplasts prepared from either normal mitochondria (Fig. 5, B-7553 m) or from those with overexpressed heme lyase (Fig. 5, A42Bm) did not show any high affinity binding, even though they definitely conserved the ability to synthesize holocytochrome c, as described above.
With the three lysines at positions 5, 7, and 8 replaced by glutamine, glutamic acid, and asparagine, respectively, the DMcK5,7,8QEN mutant of apocytochrome c associated with mitochondria very weakly, showing no high affinity binding (Fig. 5, DMcK5, 7, 8QEN ). In fact, the low affinity binding was even much lower than for the binding of the wild type apoprotein to mitoplasts or to mitochondria containing no heme lyase. Nevertheless, this mutant apoprotein could be converted to holoprotein, with kinetics similar to those of the wild type. Since the activity with this mutant apoprotein as substrate was lower than that with the wild type, to obtain an accurate measurements, the amounts of mitochondria from the normal strain (B-7553) that were used was increased from 0.2 to 0.4 mg/ml. Other conditions were the same as for the wild type apoprotein. The results presented in Fig. 6 , compared with those for the wild type apoprotein described above, clearly showed that the DMcK5,7,8QEN apoprotein had lower affinity for heme lyase, with a K m of about 3.4 nM, whereas the V max values for both mutant and wild type were the same (Table I) . On HPLC, this mutant apoprotein came out a little later than the wild type. However, the same mutations had a larger effect on the chromatography of the holoprotein, presumably because the three lysines are exposed on the surface of holocytochrome c (42) and the mutations increase its surface hydrophobicity. That this is the case was shown by the fact that the mutant apoprotein and the holoprotein formed from it were better resolved by reverse phase HPLC than the corresponding wild type proteins (data not shown).
DISCUSSION
This work established a simple, well defined, and efficient in vitro system for measuring directly by HPLC the formation of holocytochrome c from pure apocytochrome c by isolated yeast mitochondria. The kinetics of the cytochrome c heme lyase in mitochondria were measured, yielding a K m of about 1 nM. Holocytochrome c was found to be a competitive inhibitor of this activity. By studying the relationship between the binding of apocytochrome c to mitochondria and the formation of holocytochrome c, it was concluded that the high affinity binding with a K d of about 10 Ϫ10 M was not directly related to heme lyase activity.
To determine the formation of holocytochrome c reliably, the procedure must have as few intermediate steps as possible, and apo-and holocytochrome c are best separated and quantitated together. The method developed by Nicholson et al. (20, 22, 23) , which measured the heme peptide by reverse phase HPLC after immunoprecipitation of apo-and holocytochrome c and trypsin digestion, was inconvenient. Furthermore, the specific activity of heme lyase reported, less than 5 fmol/min/mg mitochondrial protein, was much lower than that found in the present study, namely about 800 fmol/min/mg mitochondrial protein, at maximal velocity, for mitochondria from the strain expressing cytochrome c heme lyase at a normal level. Another method, developed by Taniuchi and colleagues (25, 26) and modified by Dumont et al. (18, 24) , showed high heme lyase activity in the same range as that given by the present system. However, it required large amounts of mitochondria and apo- cytochrome c, making it difficult to use for kinetic studies. By using in vitro biosynthesized and purified apocytochrome c with density gradient purified yeast mitochondria, our system had well defined components, and the one-step HPLC separation and quantitation of both holo-and apocytochrome c made it quantitatively reliable and convenient for routine measurements of heme lyase activity.
It has long been known that holocytochrome c formation by mitochondria requires reducing agents (20) . According to Nicholson and Neupert (23) , the role of the reducing agents, NADH together with flavin nucleotides or sodium dithionite, is to mediate the reduction of heme, and heme in the reduced state is a prerequisite for its attachment to the apoprotein by cytochrome c heme lyase. It is difficult to compare in detail the results presented here with those of Nicholson et al. (20, 22, 23) , because these authors used the total unfractionated reticulocyte lysate, which had served for the biosynthesis of apocytochrome c, as a source of the apoprotein, making their system very complex. Also, the activity of heme lyase they reported was very low. Our results suggested that to reduce heme was not the only role of the reducing agents. Indeed, (a) sodium dithionite alone showed a low stimulation of the formation of holocytochrome c, whereas DTT by itself was strongly stimulative (Fig. 2) , even though both reagents could reduce heme; (b) although NADH alone could not reduce heme, as observed by Nicholson and Neupert (23) , it showed a definite stimulation of holocytochrome c formation to an even larger extent than sodium dithionite (Fig. 2) ; (c) as described above, when apocytochrome c was added first and allowed to bind to mitochondria in the absence of DTT/NADH, the chase to the holoprotein by the addition of DTT/NADH was quite poor (Fig. 2, column 10) , even though adding the apoprotein before or after DTT should not influence the reduction of heme. The role of DTT was also not to prevent oxidative disulfide cross-linking of apocytochrome c during the incubation with mitochondria, as such products were barely detectable by reverse phase HPLC, regardless of the presence of DTT. The concentration of apocytochrome c used in these experiments, in the range of nM, was apparently too low to allow cross-linking or aggregation to occur. Thus, the component in the system upon which DTT acts could be the enzyme itself. Yeast cytochrome c heme lyase contains two conserved Cys-Pro-Val motifs, which are considered to be crucial for heme binding (43) . Preliminary experiments with N-ethylmaleimide modification of mitochondria showed that the formation of holocytochrome c was inhibited 50% after incubation of the mitochondria (100 g) with 20 mM N-ethylmaleimide for an hour on ice, 1 so that if the free ϪSH groups of heme lyase are crucial for its action, DTT may act to prevent them from being cross-linked. Nevertheless, this still cannot explain the unexpected observation that the order of the addition of apocytochrome c and DTT/NADH is crucial. It may well be that the ϪSH groups of heme lyase and apocytochrome c are involved in a complex reaction with heme, which requires the assistance of the free ϪSH reagent.
Nicholson et al. (22) had shown that the chase of apocytochrome c bound to mitochondria to the holoprotein by the addition of sodium dithionite occurred within seconds and was 10 -30-fold faster than the binding of the apoprotein. Thus, the so-called import-competent binding of apocytochrome c to mitochondria was taken to represent the rate-limiting step in the cytochrome c biosynthesis pathway. However, in our system, binding was 90% completed within 1 min, while the formation of holocytochrome c took more than 10 min. In the presence of DTT/NADH, adding apocytochrome c last to initiate the reaction of holocytochrome c formation or adding hemin last to chase the bound apoprotein to the holoprotein showed little kinetic difference. The reason for this discrepancy with the results of Nicholson et al. (22) may arise from the different systems used. It could indicate that some other components, absent from our purified system, are involved in the import of apocytochrome c and its subsequent conversion to holocytochrome c.
Dumont et al. (11) first studied the in vivo import of apocytochrome c into mitochondria by using an isogenic series of yeast strains expressing no heme lyase, a normal level, or an overexpressed level of the enzyme. They found that the accumulation in mitochondria of an altered apo-iso-2-cytochrome c, in which serine residues were substituted for the two cysteines that serve as sites of heme attachment, was closely correlated with the levels of heme lyase. Consistent with these in vivo studies, our in vitro binding assay, under conditions in which little holocytochrome c could be formed, using mitochondria from a similar isogenic series of yeast strains, showed that the mitochondria with overexpressed cytochrome c heme lyase bound more apocytochrome c than the organelles from the normal strain, and the mitochondria without the enzyme bound little and showed no high affinity phase (Fig. 5) . Similar results were also obtained using mutants of apocytochrome c with either one or both cysteines 14 and 17 replaced by serine or alanine. These results suggest some relationship between the high affinity binding and the cytochrome c heme lyase content. However, such a relationship proved to be unlikely.
For mitochondria with overexpressed cytochrome c heme lyase, both high and low affinity binding were elevated with the increase in the heme lyase content, and the degree of increase in the high affinity binding was smaller than the increase in heme lyase. It should be noted that the plasmid in strain A42B, overexpressing heme lyase, was not stable, and the strain had to be maintained on a medium without uracil so as not to lose the plasmid. However, to obtain enough mitochondria for study, it had to be grown in a rich medium so that the increase in heme lyase content we observed was not as high as that obtained by Dumont et al. (11) . The mitochondria without heme lyase did not represent an appropriate comparison as they were completely abnormal. Their production was low, and they contained no holocytochrome c, no cytochrome oxidase (44) , showed only traces of fumarase activity, and probably lacked other components. Thus, the amounts of the high affinity binding sites were in fact not correlated with the heme lyase contents. Strengthening this conclusion were studies with mitoplasts and the mutant apoprotein DMcK5,7,8QEN described under "Results" which showed that holocytochrome c formation does not require the high affinity binding of the apoprotein.
Another protein that could possibly provide the high affinity binding site for apocytochrome c was the product of CYC2 gene, which was shown to be involved in the mitochondrial import of apocytochrome c in vivo and the deletion of which resulted in substantial reduction in holocytochrome c content (31) . However, our in vitro experiments with mitochondria from the strain with CYC2 deleted (B-8132) showed that they were indistinguishable from mitochondria of the normal strain B-7553 in either heme lyase activity or the binding of apocytochrome c. So the CYC2 product cannot be part of the high affinity site.
Thus, the high affinity binding of apocytochrome c to mitochondria, with a K d of about 10 Ϫ10 M, was not to either cytochrome c heme lyase or the CYC2 product. Its nature and function have yet to be discovered. Our results with electron microscopic autoradiography and immunogold staining indicated that the location of the high affinity binding sites for apocytochrome c in both mouse (16, 17) and yeast mitochondria 1 are in the organelle matrix.
